Introduction
This short note is based on the lecture I gave at the TASI 2017 summer school. The aim is to give an overview of particle physics. The targeted audience is graduate students who have no or little experience in working on particle physics. Instead of focusing on state of art detailed phenomenological studies in particle, I emphasized the basic structure and dynamics of the Standard Model. I have also included a brief introduction of the attempts at new physics beyond the Standard Model, with a focus on the electroweak symmetry breaking.
The Standard Model

Our Starting Point
The Standard Model In this lecture, we regard the Standard Model as a low energy effective field theory (EFT), valid up to some high energy scale.
As an EFT, its basic ingredients are the particle content and the symmetries which govern their interactions. In a low energy EFT, the lowest order Lagrangian (for example, the renormalizable part of the Lagrangian) can have many so called accidental symmetries. Such symmetries play important roles in the leading order feature of the dynamics. It is the breaking of such accidental symmetries that reveals the presence of additional new physics. In general, the low energy effective In particular, some of these new particles may be as light as (or even lighter than) the SM particles. In this case, we obvious will need to include them into the low energy effective field theory. However, this also move us into a discussion of new physics beyond the Standard Model, which is beyond the scope of this section.
In the rest of the section, we will take a more detailed look at the SMEFT in Eq. 2.1. We will discuss what we know about the scale of new physics from current experimental observations. One might wonder if the SM could be the valid theory all the way to a very high scale, such as the quantum gravity scale M Planck . This is indeed a possibility, and nothing we know tells us this is not so. However, this is an assumption we don't need to make. From the EFT point of view, it is sufficient to include all known degrees of freedom in the Lagrangian, and all possible (including non-renormalizable) interactions. Experiments should tell us the sizes of various terms in the EFT Lagrangian.
Particle content and interaction
Particle SU(3) C SU (2) The particle content and the gauge interactions of the SM Model. The first six rows are the so called matter fields (not an accurate name), while the last three rows are the gauge bosons corresponding to the three gauge interactions of the Standard Model. We are using the convention that only left-handed fermion fields are presented here. There are three generations of quarks and leptons (only one generic generation shown here). Table 1 summarizes the particle content and the gauge interactions of the Standard Model [1] . This is shown in the so called gauge eigenstate basis, which is more convenient in discussing physics at high energies. Around 10 2 GeV, the so called electroweak symmetry is spontaneously broken, SU(2) L ×U(1) Y → U(1) EM , a phenomenon we will discuss in detail later. After that, many particles acquire masses and it is more convenient to go to a mass eigenstate basis. Going to lower energies, another important event happens at around a GeV, in which the strong interaction becomes strong, and quarks and gluons stop being relevant degrees of freedom. We will also describe the resulting theory in detail later in this section.
Electroweak symmetry breaking
It is well known that spontaneous symmetry breaking and the Higgs mechanism [2] are responsible for the dynamics of the SM electroweak interactions. Of course, a major milestone of the story is the discovery of the Higgs boson in 2012. Here, we will first follow a more "historical" approach to appreciate the importance of this discovery.
After the discovery of W and Z gauge bosons in early 80's, we had to include in our particle physics Lagrangian the masses of these spin-1 gauge bosons,
2)
It is often said that these terms are not gauge invariant. This is not quite right. To simplify our discussion, we will see how this works on a generic vector boson A µ . We will make the following change to its mass term
These two forms of the mass term are equivalent since they are related by a simple field redefinition A → A(x) − 1/m∂ π(x). However, in the second form, the mass term is obviously gauge invariant with the following gauge transformation A µ (x) → A µ + ∂ µ α(x), π(x) → π(x) + mα(x). (2.4) Therefore, strictly speaking, adding mass terms for gauge bosons does not break the so called gauge invariance. It does have a physical effect, which is adding a new dynamical degree of freedom. The mass term now gives a kinetic term to the new π(x) field, i.e., it propagates the new degree of freedom. This is exactly what we needed for having a massive spin-1 particle. After all, the little group analysis tells us that a massive spin-1 particle will have 3 degrees of freedom. In this way, we also see "just adding a mass term", shown in Eq. 2.2, just corresponds to writing the theory in the unitary gauge, where π(x) is implicit. The π(x) field is nothing but the eaten Goldstone (sometimes called would be Goldstone) , and what we have discussed here is the Higgs mechanism. Now, the Higgs boson discovered in 2012 at the LHC [3] is a neutral scalar, and it is not part of a gauge boson. As we have seen in the previous paragraph, it is not really needed to give the gauge boson mass. Therefore, we should ask what it does in the Standard Model. In fact, far from just being an extra particle, it plays a extremely important role. To understand this, let's go back the case of a theory with just massive spin-1 gauge bosons, a.k.a. the Standard Model before 2012. Let's consider the following scattering process
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Figure 2: Scattering of W bosons. Its amplitude grows as E 2 . This is an indication of presence of new physics below a TeV.
In particular, let's focus on scatterings at high energies E > m W . For the three polarizations of the W boson, we expect the longitudinal polarized W boson to dominate the scattering amplitude. This can be seen in the unitary gauge. The longtudinal polarization vector is 6) which grows with energy. At the same time, the transverse polarizations do not grow with energy.
In the gauge where the Goldstone is manifest, the scattering of these Goldstones, i.e. the would be longitudinal modes, would be dominant at high energies. In fact, according to the Goldstone Equivalence Theorem [4] , at high energies, the scattering amplitude for the longitudinal modes is the same as the scattering of the Goldstones. Therefore, we can understand this amplitude by just considering the non-linear sigma model of the Goldstones. To this end, we define
t a s are the corresponding generators, such as the SU(2) L generators t a = σ a /2 for the SM weak interaction. The leading order Lagrangian is
Expand the exponential beyond the usual kinetic term for π a , we have
From this, we can conclude the scattering amplitude for ππ scattering grows with energy as 10) due to the presence of derivatives in their interaction. A careful computation of scattering of the longitudinal modes of Ws yields the result, as required by the Goldstone Equivalence Theorem. We also note that this is a phenomenon special to non-Abelian gauge interactions. For an Abelian gauge interaction, there is only one would be Goldstone, and the interaction in Eq. 2.9 vanishes.
We can view this amplitude as a measurement of the strength of a 4-Goldstone interaction. Eq. 2.10 shows that this coupling is growing with energy ∝ E 2 . This means that this theory with massive gauge bosons can not be a valid description at arbitrarily high energies. At some point, the theory will become strongly coupled, or "violate unitarity" in some literature, and it would need to be UV completed by some new physics. In particular, somewhat arbitrarily requiring the coupling less than (4π) 2 , we expect the new physics to set in below
This is a very important conclusion. We knew, after the discovery of the W ± and Z, that the theory can not be complete and there must be new physics below about a TeV [5] . What could this new physics be? There are obviously many possibilities. For example, an elaborate model would be that all the would be Goldstones are composite particles formed by the confinement of a new strong interaction around TeV scale. In this picture, the UV completion would be that the would be Goldstones stop being fundamental degrees of freedom around TeV. This may seem to be a stretch. However, we should note that this is exactly what happens to the pion pion scattering in QCD. A scenario along this lines is called technicolor [6] , or its more modern reincarnation, the Higgsless models. Despite common impression and some uneasiness with experimental constraints (we will review some of them later), they remained viable models before 2012. At the same time, there is a much simpler UV completion which only involves one new degree of freedom. We could extend the Σ field by
where we have include one real scalar fieldĥ. First, let's notice that this is a good UV completion, in the sense that it removes energy growing behavior of the ππ scattering amplitude, and renders the theory weakly coupled at high energies. This can be seen by noticing that the new field Φ is just a reparamterization of another field
On the other hand, the theory for the doublet H is just the usual linear σ −model with
which obviously does not have any bad UV behavior. The single new degree of freedom we have added, a real neutral scalar, is the so called Higgs boson. It plays the role of UV completing the SM, which then can be valid up to much higher energies. As we have remarked, this is perhaps the simplest UV completion. However, being simple does not always imply it is the right UV completion. In fact, there are concerns about having a light elementary scalar particle which we will discuss in detail later. Therefore, the importance of the discovery of a Higgs boson by the ATLAS and CMS collaborations [3] is to verify this is indeed the UV completion of the SM massive gauge bosons. Since the experiment evidence so far all point towards the interaction of the form shown in Eq. 2.14, it has become the "standard" to test. Therefore, we will adopt the common usage and call it the Standard Model from now on. We should emphasize again that the Higgs boson itself, in contrast to many popular account, is not the origin of mass. It is not even the one breaking the electroweak symmetry. In fact, it is a total SM singlet. The physical definition of the Higgs boson is that its contribution to the vector boson scattering amplitude cancels the potential bad high energy behavior. In order to play this role, the couplings of the SM Higgs boson, in particular those to the SM gauge bosons, must be fixed to particular values. In particular, we can write
The SM predicts a = 2 and b = 1, which are consistent with the experimental measurements so far. It is up to the upcoming experiment to further test these predictions.
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Friday, October 11, 13 The theory of the strong interaction of the Standard Model, called Quantum Chromodynamics (QCD), offers a different array of extremely interesting physics phenomena.
The most prominent feature of the QCD of the Standard Model is the so called asymptotic freedom [7] . At high energies, or short distances, the theory is weakly coupled. Hence, it can be roughly thought of as free gluons and quarks. At the same time, at low energies ∼ 1 GeV, the gauge coupling becomes strong and the theory become strongly coupled. QCD enters confinement phase, where the relevant degrees of freedom are many hadronic bound states. While we can use standard perturbation theory techniques for the high energy process involving quarks and gluons, our capability of making precise calculation in the strongly coupled regime is limited.
One of the important stages for the QCD physics is high energy collisions in which either the incoming or out-going states (or both) are hadronic. QCD can also give important contribution to virtual corrections. These processes involve both perturbative and non-perturbative aspects of QCD. The structure of the incoming protons at hadron colliders and the formation of hadronic resonances as out going particles are examples of such incalculable quantities. Given these, it is a remarkable feat that the experimental outcomes at colliders, in particular at hadron colliders, are actually predictable by using a combination of theoretical calculation and experimental inputs. This is primarily due to a phenomenon called factorization. The basic idea of factorization is simple, and it makes a lot of sense. It is based on one of the fundamental concepts of modern quantum field theory, namely, the physics at different length scales only influence each other in controllable ways. For example, this is the foundation for the effective field theory framework. In the context of QCD, factorization in high energy collisions means that the short-distance process ( called hard collision and is computable in perturbation theory) and long distance physics enter the final results as separate factors. Intuitively, this is due to the fact that long-distance physics, happening over a longer time scale, can not influence the detail of the hard collision. Schematically, at hadron colliders, the differential cross section of some observable dσ can be written as
Symbol ⊗ means the result is a convolution rather than a simple product. P 1,2 are the so called beam functions, which summarize the properties of the incoming beams. Approximately, these are the so called parton distribution functions. They can not be computed from first principles (yet), and have to be measured from experiments. The key implication of factorization is that the effect of the structure of the incoming hadrons (typically protons) can be summarized in these universal functions. Once they are measured in one set of experiments, they can be used to make predictions for others. S are some soft function which can not be computed perturbatively either. Typically, one can design experimental observable to be as insensitive to S as possible. J i s are the so called the jet functions, named after perhaps the most commonly used object in characterizing hadronic activities. These are determined by a combination of perturbative resummation technique and nonperturbative information. Making good predictions for hadron collider observables is a deep and complicated subject. The picture presented above is no doubt too simple. Delving deeper into it will not be the focus of this set of lectures [8] . We make one last remark about factorization. As simple as it sounds, it is extremely difficult to prove in full generality especially for hadron collider processes, even though proofs do exist for some simple processes. In practice, we will have to make the assumption that the process (and the associated observable) do factorize before we can make any progress. Fortunately, we can then compare the result we obtain with the experiment, and in almost all cases, they do agree. There have been a large collection of amazing success in using QCD to predict observables at high energy colliders, such as the Large Hadron Collider. Next, we move to the low energy regime of QCD. Since the QCD, as a theory of gluons and quarks, becomes strongly coupled at around the QCD scale Λ QCD ∼ GeV, we can not use perturbation theory to directly derive observables for experiment conducted below the QCD scale from the interactions of gluons and quarks. From the effective theory point of view, the low energy degrees of freedom of QCD are a collection of resonances. Therefore, we should aim at developing an effective field theory for these resonances. We start with global symmetries. Here, we are inspired by the high energy QCD. As a vector like theory with N f flavors, if we ignore the quark masses, it has an SU(N f ) L × SU(N f ) R chiral global symmetry. Quark masses break these symmetries. However, as usual in physics, we can still make progress if we could find approximate symmetries with small breaking parameters which we can treat as perturbations. For QCD, we note that at least two quarks, up and down, are very light. More specifically, m u,d
Λ QCD . Therefore, if we ignore their masses, we can approximately regard QCD as having a SU(2) L × SU(2) R symmetry. In practice, it is often a good approximation to also treat the strange quark as light. In this case, we begin with a SU(3) L × SU(3) R symmetry. What happens to these symmetries at energies below QCD scale? For that, we note that there are a set of light scalars, π ± , π 0 , K 0 , etc., with masses quite a bit below the QCD scale. Since it is not generic for scalars to be accidentally light, it would be a natural guess that these are approximately Nambu-Goldstone bosons, resulting from the breaking of global symmetries. It turns out that for QCD, there is an powerful argument from anomaly matching [9] that the high energy chiral symmetries have to be spontaneously broken.
First, we start with the global symmetry breaking
Goldstone theorem [10] tells us that there would be 8 Goldstones, which we denote as π a , a = 1, 2, ..., 8, associated with 8 broken generators T a , a = 1, 2, ...8. There are some different options to parameterize the Goldstones. We will begin with defining the non-linear σ −model field
f π is a parameter to be determined by experiment. These Goldstones are mesons observed expermentally, and they also have more "historical" names [11] 
Under the chiral symmetries,
The VEV U = 1 breaks the chiral symmetries to the diagonal SU(3). The leading order SU(3) L × SU(3) R invariant Lagrangian is
We are using the convention tr(T a T b ) = 1 2 δ ab . U transforms under infinitesmal chiral rotation, for example
Using these, we can derive the Noether currents
Or sometimes more usefully, we can form the combination
From this, we can write 0| j aµ
Together with electroweak interaction of the SM, we can then compute the pion decay partial width for
Experimental measurement of muon decay then fixes f π = 92 MeV.
We still have to add the quark masses. In flavor space, the quark masses can be collected in a 3 × 3 matrix
Next, we need to add it to the Lagrangian of pions. To proceed, we note that the chiral symmetry can be restored in the QCD Lagrangian if we consider the quark mass matrix transforms under chiral symmetries
Then, a standard spurion analysis tells us the proper mass terms in the chiral Lagrangian should be
Expand this expression out we obtain meson masses
These Gell-Mann-Okubo relations [11] are in good agreement with the experimental data [12] , given the level of the approximation. The QED contributions δ m 2 QED are calculable.
We have so far introduced two set of terms in the chiral Lagrangian L chiral = L 0 + L meson mass . In addition to meson masses and some electroweak decays, it can also describe processes such as ππ → ππ scattering. The perturbation is in the powers of E/Λ QCD and m/Λ QCD . We can certainly push this program further, including more terms in the chiral Lagrangian and going beyond tree level. This is the so called chiral perturbation theory. In these lectures, we will not go to further details of this rich field.
There is one more class of terms in the chiral Lagrangian we should discuss. The chiral Lagrangian we have discussed so far has more discrete symmetries than the QCD Lagrangian. It has a naive parity P 0 : U(t, x) → U(t, −x) and a pion number (−1) N π symmetry. In the original QCD, on the other hand, has only the product of these symmetries. As a result, processes such as K + K − → π + π − π 0 , which are allowed in QCD, would not be allowed by the chiral Lagrangian we have written down so far. Additional interactions are needed. Witten identified such terms [13] , which has been derived earlier by Wess and Zumino by studying the chiral anomalies [14] . We will not repeat the discussion here. Instead, we will describe some physics consequences of these so called Wess-Zumino-Witten terms. As discussed above, it can describe the processes in which even number of Goldstones go to odd number of Goldstones, such as
We can also gauge part of the chiral symmetry, for example, the SM gauge group. Perhaps the most famous case is the gauging of U(1) EM . This leads to a coupling
An argument similar to the Dirac quantization leads to the conclusion that n needs to be an integer. Anomaly matching in QCD fixes it to be the same as the number of colors n = N C = 3. Historically, the measurement of decay π 0 → γγ is the one of the earliest observations which allowed us to "count" the number of colors of QCD. Similarly, sucextension of the chiral Langrangian with WZW terms also allows interactions such as γπ + π − π 0 .
Accidental symmetries
The Standard Model have (approximate) global symmetries. From an effective field theory point of view, such symmetries should be viewed as accidental, i.e., they are expected to be broken by higher dimension operators not present in the renormalizable Lagrangian. These symmetries (and their potential breaking at higher energies) prodive important organizing principles for thinking about new physics beyond the Standard Model. In this section, we offer a brief overview of such symmetries.
Custodial SU(2) symmetry
Rewrite the SM Higgs doublet as
The kinetic terms of the Higgs can be written as
where
If we ignore the Hypercharge gauge interaction with B µ (last term in the Lagrangian) for the moment, there is one more symmetry in the Lagrangian
After electroweak symmetry breaking,
The symmetry breaks down to the diagonal
SU (2) C is the so called Custodial Symmetry of the Standard Model [15] . Under the Custodial Symmetry, the W bosons transform as a triplet. This implies, at this step,
Of course, the Custodial Symmetry is not exact in the Standard Model, even with just renormalizable interactions. However, it is important that it is broken in a controllable and calculable way.
At tree level, the Custodial Symmetry is broken by a small parameter, it is the Hypercharge gauge interaction which we have ignored above. Turning on the Hypercharge, W 3 now mixes with the B µ and produces two neutral states Z 0 and γ. m Z 0 = m W ± , and their ratios is There are additional Custodial Symmetry breakings in the Standard Model. The most important one of these is the Yukawa coupling of the 3rd generation quarks 41) in which the breaking effect is proportional to y t − y b y t . This would contribute to the mass relation of W and Z bosons at one-loop level
Notice that it is proportional to top mass square. This is one of the early indirect indications of the range of the top mass. The Hypercharge interaction also contributes to the mass relation at one-loop
Notice that it depends on the Higgs mass logarithmically. Historically, this offers a first (albeit weak) indication of the range of the Higgs mass. We can push further to include more corrections, including smaller effects and higher loops. This will lead to more precise predictions based on the renormalizable interactions of the SM, which can be compared with experiments. This physics program is called electroweak precision measurements. It has provided some of the most stringent test of the Standard Model [16] .
As any accidental symmetry, we expect the Custodial Symmetry can be broken by higher dimensional operators. The leading order symmetry breaking operator is of dimension 6
where M is the mass of some new physics state which is responsible for breaking the Custodial Symmetry. The appearance of σ 3 is expected since it is the spurion which breaks the Custodial Symmetry. c parameterizes the coupling of the new physics to the SM particles. At least, we expect c to be not too much larger than O(1). Experimentally, we measured the mass relation to per mil precision
Then, with the assumption on the coupling
Baryon number and Lepton number
We assign the Baryon number (B) and the Lepton number (L) of the SM matter fields as follows
These are symmetries of the renormalizable interactions of the Lagrangian. They are broken by the electroweak anomalies down to the combination B − L. However, these effects are small ∼ exp(−1/g 2 ). The fate of the Lepton number symmetry is more subtle, since it is related to the origin of the neutrino mass, which is still an open question. With only the degrees of freedom in the Standard Model, the leading order operator which can break Lepton number symmtry is the Weinberg operator (dimension 5) [17] c
This operator, after electroweak symmetry breaking, gives neutrino mass on the order of
This operator violates the Lepton number by 2 units. The resulting neutrino mass term is Majorana, in the sense that, with the mass term, there is no conserved Lepton number (or any other conserved quantum number ) to distinguish neutrino from anti-neutrino. Assuming c ν ∼ O(1) and m ν ∼ 0.1 eV, we have M ∼ 10 13 GeV. A typical way of generating the Weinberg operator is to introduce a heavy singlet fermion N, with
(2.51)
Integrating our the singlet generates the Weinberg operator with c ν = |y ν | 2 . This is the so called (Type 1) see-saw mechanism [18] . It is an appealing way of generating the small neutrino mass since it explains a small number with a large mass hierarchy. One could, of course, introduce a new light singlet n with
This term preserves the Lepton number with the assignment L(n) = −1. Hence, we can distinguish neutrino and anti-neutrino, and this is called a Dirac mass term. The neutrino mass is m ν = (1/ √ 2)y ν v, which implies we need a small Yukawa coupling to give the correct neutrino mass.
Perhaps most of the theorists prefers the see-saw mechanism. This is for the reason stated above. In addition, it is easy to make it into a Baryogenesis model with the leptogenesis mechanism [19] . However, only experiment can tell which one is correct. The most important measurement is obviously testing whether lepton number is violated by two units. Neutrinoless double beta decay has the best potential to probe this effect.
Flavor symmetries
To begin with, we switch off all the Standard Model Yukawa interactions (hence fermion masses). The remaining part of the Standard Model Lagrangian has the following flavor symmetries are the only flavor spurions. They transform under the flavor symmetries as
After setting them to their background values, they break the flavor symmetries into sub-groups. We discuss the quark flavors first. The Yukawa couplings breaks the flavor symmetries down to the Baryon number symmtrey
(2.56)
The two Yukawa matrices Y u and Y d can have 18 real and 18 imaginary parameters. Using the U(3) Q ×U(3) u ×U(3) d rotations (each U(3) has 3 real transformations and 6 phase rotations), we can remove 9 real and 17 imaginary parameters. We can not remove all 18 imaginary parameters because there is a residual unbroken U(1) B symmetry, which means that there is an U(1) rotation which leaves the quark Yukawas invariant. Hence, in the quark flavor sector, we are left with 9 real parameters and 1 phase. This has the important implication that 3 generations of massive quarks allows for the possibility of CP violation. And, it turns out that Nature does take this opportunity to break CP. It is often convenient to diagonalize the quark mass matrices and work with the mass eigenstates (denoted asû andd). In the Standard Model, this is achieved bŷ
L,R s are 3 × 3 unitary matrices, and
58)
The quark masses are m q = (1/ √ 2)ŷ q v. These rotations are symmetries of the QCD Lagrangian, and they do not induce changes in the quark-gluon couplings. For the electroweak sector, it has interesting effects. First of all, the so-called neutral current interactions are of the form
where A µ = Z, γ is a neutral gauge boson. Going to mass eigenstates leaves these interactions diagonal
where we have used index i = 1, 2, 3 to label mass eigenstates. This lack of tree level flavor changing neutral current (FCNC) is an important feature of the Standard Model flavor physics. On the other hand, the charge current interactions are
There is tree level flavor violations in charge current interaction, parameterized by a 3 [20] . The physical flavor parameters are 6 quark masses, 3 mixing angles, and one CP violating phase. The CKM matrix V CKM contains the mixing angles and the phase. Typically, the CKM matrix can be parameterized as [21] where the numerical values are approximately and do not reflect the current precision on them [12, 22] . We have adopted the so called Wolfenstein parameterization which nicely captured the hierarchical nature of the flavor mixings in a power series of a small parameter λ . The complex parameter ρ + iη measures the size of CP violation. Available data provides precise measurement of the mixing matrix element, and tests the Standard Model. For example, one way to test the Standard Model flavor structure is to check whether the CKM matrix is indeed unitary. If there is new physics which can induce flavor changing processes, the measured CKM matrix elements, extracted from experiments assuming that there is no addition source of flavor violation, will fail to be unitary [22] . One of the best measured flavor violation process in the Standard Model is the neutral Kaon mixing. We can estimate W comes from integrating out the W-boson since it is much heavier than the relevant scale m K of this problem. Any other possible contribution without quark masses would be vanishing due to the unitarity of the CKM matrix. Two power of quark masses are needed. One single mass insertion would flip the chirality of the quark line. However, W-boson only couples to left-handed quarks, which forces us to add another quark mass insertion to "flip it back". This operator generate a mixing between the two neutral Kaons K 0 and K 0 , produces two new mass eigenstates K L and K S (named so after the difference in their lifetimes) with
which has been very well tested by the experimental measurements. This is a good example for another interesting feature of the flavor violation in the Standard Model. Notice that the mixing operator vanishes in the limit of
due to the unitarity of the CKM matrix. This is the so called GIM mechanism [23] . One way to understand this is that, in this limit, there is an enhanced diagonal flavor symmetry (even though the individual left and right flavor symmetries are broken) The numbers are approximate and do not reflect current accuracies. As we can see, there is a major difference between these and the mixings of quark sector. The mixings in the lepton sector are large (in particular for the 12 and 23 mixings), and not hierarchical. There is still no tree level flavor changing neutral current for the leptons. New physics can also give new lepton flavor violation. At dimension 6, they can come in as, for example,
Most stringent tests of the lepton flavor violation come from the measurements of processes µ → eγ and µ → eee, which roughly set the limit M > 10 5 GeV (2.78)
Beyond the Standard Model
New physics beyond the Standard Model is a huge field, and it is impossible to cover them in detail. I will focus on giving an overview of the main motivations of thinking about new physics beyond the Standard Model, and offering brief comments on some of the most popular ideas. Due to the lack of experimental evidence, such an overview will necessarily be speculative, and hence subjective.
It is important to emphasize that the Standard Model is far from a complete theory. Sometimes, it is said that the discovery of the Higgs boson completes the Standard Model. This is true in a very narrow sense. Before the discovery, based on consistency of the theory (recall our discussion about the WW scattering), we know something must be there below 1 TeV. The Higgs boson filled that role. With it, in principle, the Standard Model can be a valid effective field theory up to energies way above the weak scale. However, it is not the same as a complete theory. We have no explanation for the basic structure of the Standard Model, such the rather complicated gauge dynamics and the presence of 3 generations. There are 25 free parameters in the Standard Model. After decades of experimental studies, we have learned sizes of almost all of them with different precisions. We will no doubt learn about them better in the future. However, we don't have explanations for the size of anyone of them. We firmly believe the Standard Model can be explained in terms of a more fundamental theory. Figuring out how it works is certainly the main goal of particle physics.
The main part of this section contains a discussion on the so called hierarchy problem associated with the electroweak scale. Before going to this topic, we will very briefly mention other main areas of new physics beyond the Standard Model.
1. Dark Matter. Arguably, the most concrete evidence of the existence of new physics beyond the Standard Model is the dark matter in the universe. This has been supported by a myriad of observational evidence, through the gravitation effect dark matter on the evolution in the early universe, formation of the structure, and dynamics of galaxies and clusters. Hence, strictly speaking, instead of discovering dark matter, the goal is to understand more about what it is. The key step would be to find them in searches which do not rely on their gravitational coupling. It is well established that dark matter can not be a particle within the Standard Model. Beyond that, we know very little about the properties of dark matter. For example, the range of the mass of dark matter particle/object can span more than 80 orders of magnitude, from 10 −23 eV to over a solar mass. The coupling of the dark matter to SM particles can vary over many decades as well. Therefore, the search for dark matter is literally like shooting in the dark, and it could be a long and difficult process. In particular, it is impossible to do broad model independent searches, and we would need good "stories" to get started. To this end, there are two classes of well established ideas of dark matter, the Weakly Interacting Massive Particle (WIMP) and the Axion [25] . WIMP is based a set of simple ideas. It assumes that the dark matter particle is in thermal equilibrium with the SM particles in the early universe, mediate either through SM interactions or by exotic intermediate particles in more elaborated models. With such a model, we can compute the relic abundance of dark matter today. If we assume that dark matter particles have the masses and couplings strength similar to that of the SM weak scale particles and their interactions, it turns out its abundance is in the right ball park to match the current observation. This coincidence with the SM weak interaction has been a major motivation to consider WIMP as a leading candidate for dark matter. Because it typically has sizable coupling with the SM particles, the WIMP hypothesis can be (and has been) subject to a number of experimental searches, including cosmic ray signals from dark matter annihilation, direct detection of dark matter nucleus scattering in underground labs, and direct production of dark matter particles at high energy colliders. I consider the main strength of the WIMP scenario lies in the simplicity of the basic assumption, and the fact that it's insensitive to earlier evolution of the universe. In addition, if WIMP dark matter is discovered, we can measure its properties in the lab. From that, we can compute its relic abundance. It has the potential of replicate the success of the Big Bang Nuclear Synthesis, which is a corner stone of modern cosmology. The Axion scenario is motivated by another nagging problem of the SM, the strong CP problem. It is an interesting candidate of dark matter, and it gives a completely different set of signatures. The main approaches of the axion searches rely on its coupling to photons. If axion is the solution of the strong CP problem, there is a almost model independent lower bound on the axion-photon coupling due to its mixing with π 0 . Of course, we could also consider an axion-like particle, which may not have a direct connection with the strong CP problem. There have been many variations of axion models. However, most of them fall in these two broad categories. More recently, there are new interest in more exotic scenarios such as ultra-light dark matter (all the way to the lower limit) or macroscopic objects such as primordial blackholes. These are all interesting venues to pursue. On the other hand, the stories in these alternative models are not as well developed as the WIMP and axion.
2. Matter anti-matter asymmetry in the universe. It is an obvious fact that there is more matter than anti-matter in our universe. One could attribute this to some initial condition. However, the presence of an attractor, such as a period of inflation, in the early universe certainly makes this less plausible. Another, and more appealing, possibility is to generate such an asymmetry in the later evolution of the universe after the hot big bang (reheating). This is the so called Baryogenesis. With some mild assumptions, successful baryogenesis requires a set of special conditions, both on the fundamental parameters (C and CP violation, B or L violation), and on the evolution history (out of thermal equilibrium). Remarkably, the SM can not satisfy these conditions to give rise to the observed asymmetry. This is another major open question facing particle physics. One of the leading candidates for baryogenesis is the Leptogenesis [19] . It fits well with the simple see-saw model of neutrino mass generation. At the same time, since the right-handed neutrino in the simplest scenario is very heavy (∼ 10 13 GeV), testing it directly is difficult. There can be indirect evidence from the measurement of the properties of the neutrinos, such as CP violation and lepton number violation. Another leading candidate is called Electroweak Baryogenesis [26] . In this scenario, a first order electroweak phase transition gives rise to the out of equilibrium process. In addition, new sources of CP violation and B or L violation need to be introduced. All of these require the addition of new physics. Moreover, the new physics particles need to be close the weak scale and have a sizable coupling with the SM electroweak sector. This makes the electroweak baryogenesis scenario the most testable one. For the same reason, it is also the most constrained. Some of the once popular models, such as its realization in minimal supersymmetric models with light stops, have been disfavored by experimental constraints already. Nevertheless, in my view, it is still a compelling and exciting scenario. Its close connection to the electroweak sector means that it could have a connection to the solution of the hierarchy problem (to be discussed later in this section).
3. Flavor and CP. The Standard Model has an intriguing flavor structure. There are three families of quarks and leptons. They have masses which differ by as much as 10 orders of magnitudes. They have mixings. In the quark sector, the mixings are hierarchical. On the other hand, in the lepton sector, the mixings are large. The presence of CP violation in the quark sector has been well established, while there is already some evidence of the presence of a large CP violation in the lepton sector. Overall, the flavor structure in the SM looks like a big mess, and we don't know where it comes from. In the SM, the flavor structure is parameterized through a set of Yukawa couplings. It is worth emphasizing these are coefficients of marginal operators. This means we do not have an expectation of the scale associated with the generation of these operators. Therefore, it can be difficult to test these models. We do have a lot of ideas, and there are a lot of models. For example, the SM fermions can have interactions with some additional scalars (called flavons) and heavy exotic fermions. The Yukawa couplings can be generated once the heavy states are integrated out and flavons acquire vacuum expectation values. A hierarchical structure is possible if the coupling depends on different powers of the flavon VEV, controlled either by some flavor symmetries or some other dynamics [27] . This kind of scenarios have a lot of variations, and can be implemented in many scenarios, such as in Grand Unified Theories (GUT). However, it only gives the Yukawa couplings in terms of the ratio between the flavon VEV and the masses of the heavy fermions, i.e., it does not prefer a specific scale. This is a manifestation of the fact that marginal operators do not directly point to a scale. If this is the way flavor structure is generated in the SM, we can test it only if the flavor scale happens to be low. We need to be lucky. There is one class of models for which the flavor scale has to be close to the weak scale. This is the composite Higgs model, which we will discuss in some detail later. In this set of models, since the Higgs is composite, at least some of the heavy new physics states involved in the generation of the Yukawa coupling would be close to the weak scale. They can be either some composite resonances or some additional elementary particle. Because of this, the origin of flavor structure in the composite Higgs models is more testable, and there has already been stringent limits.
There is yet another source of CP violation in the SM. This comes from a misalgnment between the QCD vacuum angle and the quark mass matrices. To be consistent with the experiments, mostly from the neutron electric dipole moment measurement, the size of the CP angle from this source needs to be less than about 10 −9 . Without a symmetry or dynamical mechanism, this seems to an unusually small number. This is the so called strong CP problem. The most popular solution for this problem is to promote the CP angle into a dynamical field, whose vacuum expectation value can relax the CP angle down to zero. There is a striking prediction of this scenario, namely there would be a light Goldstone boson, called axion. We have mentioned this possibility in our discussion on dark matter candidates.
4. Dark Energy. Most of the energy in the universe, about 70%, is of a form which is very different from regular matter. It is called dark energy. Observation of the dark energy so far is consistent with it being a constant vacuum energy, a.k.a., the cosmological constant. It is a component of energy which is allowed by Einstein's equation, which can be a free parameter.
To match observation, we need the cosmological constant to be roughly Λ 4 ∼ (m 2 W /M Planck ) 4 . However, problem arise as soon as we try to predict this number from a fundamental theory. In fact, as we will discuss in more detail later in the context of the electroweak hierarchy problem, any fundamental theory with high mass thresholds ∼ M will give large contribution to the vacuum energy ∝ M 4 . Suppose the fundamental physics which determines the cosmological constant is at the Planck scale, the naive prediction would be 10 120 times larger than the observed value. It certainly has been called, with some justification, the most spectacular failure of the prediction of a theory. One might think we can be smarter and find some clever mechanism to generate such a small number. The apparent numerical coincidence between the cosmological constant, the weak scale, and the Planck scale shown above seems to already give some clue what a successful mechanism could be. However, it turns out to be very difficult. Many such mechanisms do reduce the magnitude of cosmological constant by a lot, however, there still seems to be at least a factor of 10 60 no matter what we do. Therefore, we are left with searching for really outside-of-the-box type of ideas. An intriguing argument has been provided by Weinberg [28] . It starts with WIMP dark matter with interaction cross section with the SM of the order ∼ α 2 D /m 2 DM , where α D is a typical weak coupling. A density perturbation of δ ρ/ρ ∼ 10 −5 is generated by inflation, which will start to grow linearly with the scale factor after matter radiation equality. For the structure to form, at least, the vacuum energy can not dominate over dark matter energy density at the time when the desity perturbation grew to be δ ρ/ρ ∼ 1. Putting this together, one could get a upper limit on the cosmological constant Λ 4 < (m 2 DM /M Planck ) 4 . This upper limit is close to the observed value if m DM ∼ v which is typical in WIMP models. Obviously, there are several very big assumptions, and a lot of lingering questions. However, the fact that this is only estimate of the cosmological constant which even get remotely close to the right answer compels us to take it seriously. A nautral interpretation of this is in the context of landscape and anthropic principle. These words tend to generate a lot of negative feeling, a lot of which is not fully justified. I don't think we can dismiss this as a possibility. This would then essentially put the determination of the cosmological constant, and the effort of predicting the size of the oribits of the planets in the solar system on the same footing. It's certainly possible that we are indeed missing some crucial piece of physics. For example, since we have only observed the effect of cosmological constant from its gravitational effect at large scales. Perhaps it is gravity on these scales which needs to be modified. Or, perhaps we need to understand the De Sitter space better. Attempts along these lines have all been made, with no success yet. However, until we have definitive proof that cosmological constant is due to selection on the landscape, I think our working assumption should always be we are missing something big in dynamics. It would be more interesting if this is indeed the case, since we will be learning something deep.
m W /M Planck 10 −16 , the hierarchy problem
Perhaps the most striking feature of the Standard Model electroweak sector is the presence of the weak scale ∼ 100 GeV. The Standard Model contains a very simple picture of the electroweak symmetry breaking, which is implemented by an elementary scalar field with the following potential
"Simple" picture: Mexican hat
where is the complex conjugate of , and the coupling constant is positive. This Lagrangian is invariant under a global rotation of the phase of the field φ, ⟶ , ie. a U(1) symmetry as in QED, although not a local one. Suppose now that one chooses the square of the mass, , to be a negative number. Then the potential looks like a "Mexican hat":
Similar to, and motivated by Landau-Ginzburg theory of superconductivity. The Higgs field rolls down this so called Mexican Hat potential, acquiring a vacuum expectation value and triggering electroweak symmetry breaking. This is probably the simplest way through which electroweak symmetry breaking can happen. The discovery of the Higgs boson and subsequent measurements of its properties are consistent with this picture. Within this model, we can already infer from experimental measurements the size of the parameters in this Higgs potential to an accuracy of better than a percent.
However, this simplicity is misleading. We would like to explain the electroweak scale in terms of a more fundamental theory. The first question one would like to answer in this endeavor is what the scale of this more fundamental theory is. Strickly speaking, we have no idea. One first guess could be that the underlying fundamental theory lives at the Planck Scale ∼ 10 18 GeV, which is the only known scale above the weak scale. However, an obvious question is how to generate the 16 orders of magnitude difference in the mass scale, m W /M Planck ∼ 10 −16 .
It is often said in the literature that the problem is due to the fact the quantum corrections to the Higgs mass is quadratically divergent. In particular, due to its large coupling to the top quark, the divergence from the top quark loop is especially worrisome. This, at most, is a very hand-wavy way of stating the problem, which can be quite misleading. Indeed, it leads to a wide spread impression that the problem is due to renormalization (and the corresponding regularization procedure). However, this is not accurate. The real question only arises when we attempt to write down a model from which the mass parameter (µ 2 in the Higgs potential) is calculable. This is certainly a requirement for any UV theory which can offer an explanation for the presence of the weak scale. It is meaningless to talk about the so called fine-tuning in the absence of such a UV completion.
To understand the kind of difficulty we might encounter, we consider the following toy model of a scalar φ interacting with some heavy fermions,
where we can assume y ∼ O(1). Following the standard procedure, for example a. la. Coleman-Lian-Tao Wang Weinberg, to integrate out the heavy fermions generates a potential for the scalar of the form
a, b and c are computable in our specific toy model. At the same time, they are in general O(1) numbers depending on the number of fermions, etc. Hence, a generic expectation is that integrating out heavy particles in the underlying theory will generate large corrections to the scalar mass, proportional to the square of the masses of the heavy particles. Of course, this is the usual statement, in particular in Wilsonian effective field theory, that scalar mass operator is quadratically sensitive the UV physics. However, understanding it as an effect of integrating out heavy particles, which are generically present in any UV model, makes it obvious this is not a question of regularization scheme or renormalization of some divergence. It is a general expectation of the prediction of a UV theory.
As a side remark, we notice that the first term in Eq. 3.3 is a contribution to the vacuum energy proportional to M 4 Ψ . Coupling to gravity, this becomes a large contribution to the cosmological constant. This is an example of the sensitivity of the cosmological constant to the high energy thresholds in fundamental theory. It underlies the difficulty in generating the right size for the cosmological constant. The logic is very similar. However, numerically, it is much worse than the difficulties in predicting the Higgs mass.
Integrating out fermions gives large negative contributions. However, we can also imagine that the UV theory also contain heavy scalars. Again, we can consider a toy model
where Φ is a heavy real scalar. We can integrate out Φ and obtain
and a , b and c are again O(1) numbers. Obviously, in a general UV model, it is possible to choose masses such as M Ψ and M Φ , and couplings such as y and κ (and possibly adding a "bare" mass term for φ ), to obtain an low energy effecive potential
with µ 2 M Φ , M Ψ . However, large cancellation among various terms with a precision on the order of
is necessary. This is sometimes called fine-tuning, although no external tunable knob is implied. For example, going back to our simple guess that M Φ,Ψ ∼ M Planck , we would expect a cancellation to a level about 10 −32 . As usual, without any specific reasons (such as symmetries), we do not expect such cancellations.
-An extension of spacetime symmetry.
-New states: "Partners" There are two main classes of ideas of avoiding such an artificial large cancellation. The first is to have some symmetry which can gaurantee such a cancellation. A prime example of this is Supersymmetry (SUSY) [29, 30] . There is no place here to give a detailed introduction. We will just focus on its broad feastures and make a few comments. SUSY is symmetry between fermionic and bosonic states in a theory which share the same quantum numbers otherwise. Application in particle typically focuses on the simplest case, the N = 1 SUSY. Applying it to the Standard Model, this leads to the presence of a supersymmetric partner (superpartner) for each of the Standard Model particle. An interesting property of SUSY is that the quadrative sensitivity to the heavy (and supersymmetric) mass thresholds precisely cancel to all orders of perturbation expansion. Known as the non-renormalization theorem [31] , it says the dependence on the high mass thresholds is at most logarithmic. Explaining the proof of the theorem is beyond our scope here, we can only offer a (very) slick argument. It is well known that fermion mass only has logarithmic dependence on the heavy threshold. For example, in a theory with a Yukawa interaction 8) integrating out the heavy scalar Φ only generates a correction to the fermion mass 9) which is logarithmic in the heavy scalar mass m Φ , instead of the naive expectation from dimensional analysis δ m ψ ∝ m Φ . This is due to the fact that fermion mass breaks a chiral symmetry under which the fermion transforms as
In this theory, the fermion mass m ψ is the only spurion of the chiral symmetry, and any correction to the fermion mass has to be proportional to m ψ . Hence, any dependence on the high mass scale M Φ is at most logarithmic. Now, supersymmetry is a symmetry between fermions and scalars.
Lian-Tao Wang Therefore, combining with the chiral symmetries which protect fermion masses, supersymmetry implies that the scalar masses also at most have logarithmic sensitivity to the high mass thresholds. Generically, SUSY predicts the weak scale as
Λ SUSY is the "input" scale at which the parameters of the SUSY theory is given. This can be the Planck scale, or the (smaller) string scale, or the scale of grand unification (GUT) Λ GUT ∼ 10 16 GeV. The expoentially large scale separation is possible due to a slow logarithmic (guaranteed by SUSY) "running" of the parameters. It is a story close to the dimension transmutation in QCD. The appearance of the top Yukawa coupling, y top ∼ 1, in the exponential is meant to indicate it as the dominant driver of the evolution. In reality, there is more to this story. Theloop with top quark (and its superpartner,t, called stop) will have a color factor of 3. At the same time, there are also other (not totally negilible) contributions, such as from gauge interactions, which can have a different sign. At the same time, it is not a stretch to believe that a scale separation of about 30 orders of magnitude is not hard to generate in SUSY this way. However, this is far from the full story. Perhaps the largest piece we have not included is the fact that SUSY must be a broken symmetry, since we haven't seen the superpartners predicted by SUSY with the same masses as the Standard Model particles. Therefore, there is another scale in the story the mass gap between between the Standard Model particles and their superpartners. There are many such parameters. However, to continue our qualitative discussion, we won't go into too much details, and we will just denote them collectively as m soft unless specified otherwise. The subscript "soft" refers to a somewhat more restricted set of SUSY breaking parameters which are deemed to be soft in that they don't reintroduce the power law sensitivity to high energy scales. It is worth noting that, typically, one does get the soft breaking in a fairly straightforward way. It takes some extra-effort to generate "hard" breaking terms.
This set of SUSY breaking parameters m soft plays a very important role in the dynamics of electroweak symmetry breaking. In particular, we have (schematically)
The m 2 soft in front is setting the scale of the Higgs potential. This is expected since m soft is the mass scale of the new particles, analogous to the heavy fermion and boson in our toy model. The only difference here is that the Higgs mass itself receive tree level contribution from SUSY breaking mass parameters as well. We see that if we would like to completely avoid the fine adjustment of the mass parameters in the UV theory to produce the electroweak scale, we would like the size of SUSY breaking parameters not to be too much heavier than the weak scale itself. This is the expectation that avoiding fine-tuning in SUSY needs the masses of the superpartners to be close to the weak scale. And, the fact that LHC have not found any superpartner yet around this scale is causing some amount of strain in the naturalness of the SUSY models.
In more detail, the constraints on different SUSY breaking parameters are quite different. The one superpartner whose mass has become the standard measure of fine-tuning is the superpartner of the top quark, called stopt. We should explain its role in the electroweak symmetry breaking in SUSY, since such a role is similar for other so called top partners in other non-SUSY models as well. As we have remarked earlier, a UV completion should make the mass parameters in the Higgs potential calculable. Or at least, if there is some UV physics being "swept under the rug " (as it is usually the case), one should aim at reducing the sensitivity of weak scale to those unspecified details as much as possible. In SUSY limit, this is achieved through the fact that the theory has only at most logarithmic sensitivity to the UV physics. From bottom up point of view, this means the corrections to the Higgs potential from the Standard Model field must be "regulated" by the contribution of the new physics. In the Standard Model, the largest contribution to the Higgs potential comes from the top quark. Hence, new physics would need to have a top-partner which could play the role of regulating this contribution. In SUSY, this role is filled by the top squark. The calculable contribution to the Higgs potential from the top sector is then
To avoid this generates too large a mass term in the Higgs potential, we would like to have this less than about (10 2 GeV) 2 H † H. At this moment, the search for stop has put a limit to about mt > 1 TeV. We will leave it as an exercise to decide whether this is too much for the naturalness of SUSY. Much of the SUSY phenomenology has been focused on the case of the so called Minimal Supersymmetric Standard Model (MSSM). It takes the Standard Model matter content and "supersymmtrizes" it by putting particles into super-multiplets. It is a appealing model since it is minimal, and historically, it has played an very important role in SUSY phenomenology. In this particular model, however, the fine-tuning is somewhat more severe. This comes from the requirement to predict the correct mass of the Higgs boson (not just the size of the mass parameter in the Higgs potential). To this end, we recall from a general Mexican hat potential, after expending around the true vacuum, the mass of the Higgs boson is
In practice, the vacuum expectation value is fixed by the weak gauge boson mass as v = 246 GeV. Hence, in order to calculate the Higgs boson mass, we still need the quartic coupling λ . In SUSY, at tree level, this quartic coupling is related to the electro-weak gauge couplings, λ ∝ g 2 + g 2 . This leads to a striking prediction that, at tree level,
Unfortunately, m h 125 GeV. On the other hand, there are large one-loop contribution to the quartic coupling, typically dominated by the stop loops due to the large top Yukawa coupling [32] δ λ ∼ 3 4π 2 y Unfortunately again, the "usual" size of this correction can only lift the Higgs mass up to about 110 GeV. One way to go up to 125 GeV is to cranking up the stop mass. However, it is not so easy as it is logarithmic. In the simplest case, this can require stop mass to be around 10s (even 100) TeV, certainly too heavy for the SUSY to be completely natural. However, one can try to be "smart". The dependence on stop mass is indeed not so simple, and there are several other parameters at out disposal. We can still get stop to be around 1 TeV and Higgs mass to be around 125 GeV. One can certainly wonder whether such smartness is another fine-tuning. Further pondering on this point is again left as an exercise.
LHC
New strong dynamics
Strong interaction, QCD Having discussed the electroweak symmetry breaking in SUSY, we now move on to a second main class of models, the Composite Higgs [33] . To motivate Composite Higgs, we come back to the low energy physics of the QCD. In this theory, there are low mass scalars, i.e., the mesons. We don't worry too much their naturalness. The reason is that we know they are not elementary. In particular, we know that the QCD has a rather low confinement scale Λ QCD ∼ GeV, above which there is no scalar anymore. The lightness of the mesons can be further understood since they are pseudo-Nambu-Goldstone bosons. They are Goldstones from the chiral symmetry breaking, and their masses are calculable from additional small explicit breaking. In addition, we don't worry about the appearance of the low confinement scale Λ QCD M Planck , since it is generated by the slow evolution of the QCD gauge coupling. The idea of Composite Higgs is based on copying the success of the theory of the QCD pions.
The general structure of a Composite Higgs model starts from a global symmetry breaking G → H controlled by dynamics of some strong sector. We will weakly gauge some of the global symmetries to accommodate the Standard Model gauge interactions. The coset model has G/H worth of Nambu-Goldstones. Some of them have the correct Standard Model gauge quantum numbers to be the Higgs doublet. Elementary fermions with the same quantum number as the Standard Model ones are introduced. They can mix with the composite fermionic resonances. The resulting light eigenstates, the Standard Model fermions in this model, can be partially composite. Both the fermion couplings and the Standard Model gauge interactions explicitly breaks the global symmetry, generating a potential for the pseudo-Goldstones. This would be the Higgs potential. Again, similar to the SUSY model, there are top partners (fermionic in this case), and they played an important role generating the Higgs potential
Lian-Tao Wang where c i s are expected to be O(1) numbers. g * parameterizes the large coupling from the strong sector. We see that, similar to the case of the SUSY, the contribution from the top partner plays an important role in setting the scale of the Higgs potential. The current limit on the mass of fermionic top partners is also around 1 TeV, we are again in some gray area about whether this is already finely tuned. A way to sharpen this tension is through that fact the explicit breaking in a coset model will in general give a potential in as a function of h/ f , where h is the neutral component of H and f is the analog of the pion decay constant in chiral perturbation theory of QCD. In this case, we generically expect the minimal of the potential would be v = h ∼ f . However, typically, a non-linear sigma model
will generate Higgs wave function renormalizations after electroweak symmetry breaking, and will shift the Higgs coupling (for example its coupling to Standard Model gauge bosons) at the level of
Current limits on such deviations already restrict f > 700 GeV. This has already put some strain on the fine tuning. The pressure will only increase with the increase of the precision of the Higgs coupling measurements. The Composite Higgs model also faces some embarrassment on predicting the mass of the Higgs boson, from an opposite direction. We expect the quartic coupling to be large ∝ g * , as it is controlled by strong dynamics. As a result, the Higgs mass would be generically too heavy. Therefore, none of the two dominant paradigms for natural electroweak symmetry breaking is completely comfortable. Primarily, this is due to the fact that none of the predicted new physics particles have been found yet. In addition, both of these seem to have some trouble in giving the right Higgs boson mass. Such a assessment is certainly way too simplistic. The conclusion can be avoided in carefully chosen part of the parameter space, and of course, it can be (and has been) circumvented in more sophisticated models.
However, it does make us more aware of the possibility that these once considered very well motivated models (and still well motived for many reasons) could be wrong instead. It is definitely not time yet to give up on the experimental searches for these models. At the same time, it is more urgent to think about additional possibilities of solving the naturalness question. It is time like this that experimental guidance can be crucial. At the same time, it can be confusing about where to look for new hints without some guiding principle. Fortunately, for the electroweak symmetry breaking, there is a natural place to begin with. That's the measurement of the properties of the Higgs boson. It is the right place since anything addressing the problem of electroweak scale would have to talk to the Higgs potential, and hence leave imprints on the Higgs couplings.
Currently, the precision on the Higgs coupling measurement is around 5 − 10%, depending on the coupling. We can translate this into an estimate of the new physics scale. A generic deviation of the Higgs coupling, after integrating out some new physics which couples to the Higgs boson, is expected to be 19) where M NP is the mass of the new physics states. c is a coupling, which is expected to be at least not too much larger than O(1). Hence, currently, the LHC is roughly probing the range of M NP ∼ 700 − 800 GeV. In the longer term, the high luminosity upgrade of the LHC will push this limit to be 4 − 5%, this is probing the new physics scale to be above 1 TeV. Further down the road, there have been proposals of new electron-positron colliders. Both circular (FCC-ee and CEPC) and linear (ILC and CLIC) options have been considered. We will not get into the details of the pros and cons of different options here. Precision measurement of the Higgs coupling is the number one physics case for such colliders. We see that they can push the Higgs coupling measurement to the sub percent level, with reaches the new physics scale of 5 − 6 TeVs.
Lian-Tao Wang In the mean time, the search for top partners will continue to be the central focus of the naturalness problem. The current limit is about 1 TeV. The upcoming runs of the LHC will bring about another 50% increase in the reach. In the mean time, there have been proposals of more powerful future hadron colliders, such as the HE-LHC with E CM = 27 TeV, and FCC-hh/SPPC. with E CM = 100 TeV. Since the reach of a hadron collider scales approximate linearly with E CM , and the fine tuning scales with M −2 NP , we see that these high energy colliders can provide much more stringent tests of the idea of naturalness.
Finally, we offer a couple more comments on naturalness.
1. We have seen that in both SUSY and composite Higgs, there would be tension when the new physics particle is heavier than TeV. It is a generic expectation for new physics models for electroweak symmetry breaking. As we have stressed, the electroweak scale and the Higgs mass are not calculable within the Standard Model. New physics to address this question needs to make it calculable. In all known examples, this is done through regulating the Standard Model contribution with the new physics contribution. Hence, the new physics scale sets the size of this regulation effect, and the Standard Model Higgs potential is quadratically sensitive to it.
2. In both SUSY and composite Higgs models, we have in mind some theory well defined in deep UV potentially up to Planck scale (supersymmetric completion of the Standard Model, or a theory of techni-quark and gluon). This is based on the picture that a high quantum gravity scale is the scale of fundamental physics (and perhaps the ultimate limit of effective field theory). However, it is also possible to consider scenarios in which the fundamental scale, M quantum gravity is low and not very much beyond TeV. This can be realized in the so called large extra-dimension scenario (on the order of sub-milimeters) [34] . In this case, the weak scale is natural because it is not so different from the quantum gravity scale to begin with. This scenario offers a range of interesting new signals, including modification of gravity at a length scale which can be probed at table top experiments, and direct collider signals from graviton radiations into the extra-dimension(s). Even the physics of quantum gravity would not be that far above from our accessible energies. However, in this case, the picture is not quite complete. We still have to explain the weakness of the gravity. This is the same hierarchy problem, just viewing it from a different angle. In particular, one has to explain the generation of a large (macroscopic) extra-dimension from an underlying theory.
3. Another prominent class of models of weak scale new physics is the Randall-Sundrum scenario [35] . It is based on a 5D space-time. The 5th dimension is compactified with an AdS-like geometry, and it has two boundaries. The particles in this model, including the SM, can localized toward either boundary or have a flat profile in between. This is a highly influential setup, and it has been instrumental in a huge amount of model building and phenomenological studies. For a lot of the RS constructions, the resulting phenomenology bears resemblance to that of the Composite Higgs models. This is not a surprise. AdS-CFT correspondence tells us that we should expect the physics of RS model can be captured by a 4D theory, and one of the boundaries of the RS bulk can be thought of as modeling the confinement in that 4D theory. The RS model, formulated as 5D warped compactification, provides a novel and transparent way of thinking about such physics.
4. One may feel that this line of attack focuses too much on eliminating the sensitivity to some high energy threshold. Why should this necessarily be the only possibility? We could imagine such a scenario that the parameters in the UV theory are just right to produce the low energy electroweak scale and associated physics. This can be enforced by some symmetry. However, in this case, the sensitivity to high energy threshold disappears, and it is not too different from Supersymmetry or other "usual" scenarios. It could happen through dynamics, because of some unusual UV/IR connection. This remains only as a logical possibility since we don't have a remotely workable scenario/framework which implements this idea. However, it would be very exciting if this is the case. It is much more dramatic than supersymmetry or any other new physics models we have dreamed of so far. This can happen by an accident, or by some kind of anthropic selection. Trying to find dynamical mechanism could be the wrong question to work on. We should certainly look for evidence for such an accident. However, until we find concrete evidence pointing to some other direction, our working assumption should be there is deep dynamical reason yet to be understood. Finally, it may not be as stupid as it looks to stick with the more "traditional" scenarios. Many of our more successful theories are based on some mechanism which makes it insensitive to the unknown UV physics. This includes the Big Bang Nucleosynthesis (by assuming thermal equilibrium in early universe) and inflation (by assuming an attractor in early universe). In addition, in many know cases of the Standard Model, theory is indeed natural in the way we expected. The prime example is again the low energy spectrum of the QCD.
To conclude our discussion on naturalness, I think it is still an extremely important and acute question in particle physics. The fact that we don't know the solution yet certainly does not mean that the question does not exist or can be dismissed. It is not from some abstract understanding of renormalization or divergence. It stems from the need of having a UV completion from which we can predict the weak scale. In this sense, it is well defined and unambiguous. Our current ideas can still work, it is crucial to test them further. On the other hand, we could need dramatically new Lian- Tao Wang ideas. This is exciting, even though we don't have even a vague idea where the new direction is yet.
Suggestions for further study
In this section, we suggest some reviews on various topics covered in this lecture. The list is certainly incomplete, it is intended to be starting places for further study.
